The role of intrinsic factors determining perceived degree of vowel openness was examined. In order to determine the role of F I and F0, one-formant vowels, covering a wide range of fundamental and formant frequencies, were identified by 23 subjects who were native speakers of a Bavarian dialect in which five degrees of openness occur distinctively. The significance of intrinsic factors other than F1 and F0 was also studied using synthetic versions of natural vowels with F 1 and/or F0 systematically displaced in frequency. It was found that, generally, the tonality distance between F 1 and F0 is decisive for openness, while the higher formants contribute marginally. It was further found that the distance between widely spaced formants, as between F2 and FI in front vowels, is not crucial for vowel identification. The results are evaluated in terms of a psychoacoustic model of identification by pattern matching. The model incorporates two basic assumptions. First, a certain pattern of excitation along the basilar membrane is recognized as a given feature regardless of position along the membrane. Second, there is an integration band with a width of 3 Bark effective in spectrum envelope recognition.
INTRODUCTION
Most of the distinctive features of speech sounds apparently constitute dimensions along which only a binary distinction is used. Along the dimension of "openness" in vowels, however, more than two distinctions occur in many languages. In the present investigation, we attempt to examine how this dimension is perceived. The investigation is limited to the role of intrinsic factors, i.e., to features that are acoustically present within the speech segment in question, as opposed to extrinsic contextual factors (cf. Ainsworth, according to Zwicker and Feldtkeller, 1967 ). There are, however, some deviations in vowels spoken by men, as compared to those spoken by women, which do not directly fit this hypothesis. The female-male differences in tonality are shown in Table I for a sample of vowels.
The values in Table I are based on a summary of investigations in several languages (Fant, 1975 ). Similar differences were found in the various languages, but the spread was quite large. Therefore deviations less than 0.5 Bark in Table I should be disregarded. Values for F0 and F4 were not published in Fant (1975) . The corresponding differences are roughly 1 Bark, equal to 100 Hz for F0 and to 18% of the frequency of F4.
In a previous perceptual study, it was found that the tonality distance between the first formant and the fundamental, rather than the position of the first formant alone, is decisive for the identification of oneformant vowels, as long as this distance remains within the range found in natural vowels (Traunmfiller, 1976). This conclusion was, however, based on only two listeners, while the results obtained from two other listeners were not sufficiently clear.
The aim of the first of the present experiments is to establish more reliably the decisive criteria for the identification of one-formant vowels. The experiment was planned to cover the whole range of variation in F0
(50 to 700 Hz) and in F1 (150 to 1480 Hz) that can be observed in natural speech.
It is an advantage to use listeners whose native dialect employs many distinctive degrees of openness without concomitant distinctions such as tense/lax or diphthongization. Such subjects are compelled by their language to make careful distinctions along the dimension of openness. Moreover, interference from secondary features will be minimal in their responses. In the eastern Central-Bavarian dialect, used by the subjects in this experiment, as spoken in lower Austria (Weigl, 1924/25) , and by the older generation in Vienna (Kranzmayer, 1953; Koekkoek, 1955) , there appear to be five distinctive degrees of openness. Table II shows the vowels occurring in stressed positions in the dialect of the subjects. All the vowels occur in the sequences 'V:(C) and 'VC: with durations as described by Banherr (1976)for westernCentral-Bavarian.
There is no perceptible difference in timbre associated with a difference in duration, although formant frequencies are slightly different (cf. Bannert, 1976). In syllables that cannot be stressed, there are a few lax (centralized) vowels and syllabic nasals and laterals. The sixth series, with F0 -300 Hz, was presented twice, The results were reasonably uniform across subjects with respect to openness, and the pooling therefore seems justified. There were, however, systematic differences between subjects with respect to place of articulation.
One subject heard no front vowels at all, and two other subjects heard no front vowels at F0 =630 and 700 Hz, and at 150 Hz, respectively. All other subjects heard some front vowels in each F0-series. It can be seen in Fig. 3(b) that the agreement among subjects on perceived place of articulation of rounded vowels was quite low.
In 90.3% of all cases, subjects responded by encircling the symbol of a single phoneme, 9.5% were two- (Table   V) Table V . Indicated characteristics were shifted in steps of 0.5 units on the modified tonality scale (Fig. 6) . Order of presentation was left to right and row by row, starting in the top left-hand frame. In the first stimulus of experiment 2, i.e., in the "i" column, F0 and F1 were lower than in the original vowel; in the other columns, however, there was no vowel with lowered F0 and F1, because F0 in the original vowels was too low to be lowered by 0.5 units. In experiment 3, F1 was lower than in the original vowels in the beginuing of each series. formation conveyed by the higher formants.
With respect to the hypothesis of vowel recognition by pattern matching, at large shifts, the overall patterns evoked by the vowels in this experiment would not match internalized templates derived from natural vowels, no matter how movable these templates were. Such an attempt would inevitably result in a striking mismatch in the pattern of either F0 and F1, or of the higher formants, if not of both. The observed front vowel responses to one-formant stimuli and to low-pass filtered natural vowels also appear incompatible with such an overall match. These results are, however, compatible with the hypothesis that relevant parts of the evoked pattern are matched with stored reference patterns for After point (2) in the model, the signal is distributed to several channels for the extraction of specific qualities. Beside the channel for spectral matching, there is a similar channel for pitch extraction. In the box labeled "specific quality extraction" certain transformations are performed which result in a representation (3) that is largely freed from variation due to characteristics which are irrelevant to the particular specific quality, e.g., intensity in pitch extraction and partial resolution in spectral matching. If there is a second integ•ration ban• of the described kind, with a width of about 3 Bark, we can expect some anomalies at both ends of the tonality scale, since the convolution cannot reasonably be extended further than the ends of that scale.
We have, then, to reckon with at least two integrarive processes of different range: First, peripheral frequency resolution, the familiar critical band--width 1 Bark; second, the range of spectral integration in envelope reconstruction, i.e., a second integration band--width 3 Bark; and further, with a limited range of gestalt fusion.
B. Evaluation of predictions
Let us consider how the F1-FO cue, which was found to be decisive for the perception of openness, is reflected in a blurred prominence-density representation as described above.
If the distance between the two partials closest to the formant is less than 3 Bark, there will be a peak in the representation close to the tonality position that corresponds to the resonance frequency of the formant. As can be seen in Fig. 4, at F0> Even if the distance between partials closest to a formant is less than the critical distance, due to the nonrectangular integration function we can expect a slight tendency for peaks to be attracted to partials. If F1-F0 is less than 3 Bark, the pattern will contain only one peak, and it can be described by its width or by the distance between the peak and the low-tonality flank of the representation. For F0 = 150 Hz, this lower flank will be located at the end of the scale. If F0 is decreased further than to 150 Hz in such a vowel with fixed F1, the width of the representation will not increase any more. The F0 dependence of openness will stop at a lower limit of 150 Hz. However, since the shape of the second integration band is not rectangular, there will be a transitional region of about 100 Hz. This explains most of the difference between the Bark scale and the modified scale shown in Fig. 6. To this extent, then, the modification is not a real modification of the tonality scale. This end-of-scale effect also explains the comparatively small female-male differences in F1 of vowels withF1-F0<3 Bark (see Table I l In a generarive phonological description, the front rounded series is derived from underlying front unfounded vowels of the same degree of openness, followed by an /1/. This, together with the symmetric occurrence or non-occurrence of -e diphthongs and of nasalized phoneroes among front and back vowels (Table II) , appears already to provide enough support for the feature analysis given in Table III . If [a] is considered neither front nor back, as in Table III , it can be specified without use of a 5th degree of openness, but a description of its acoustic manifestation as the vowel with the highest F1 appears to call for a 5th degree.
2The "second integration band" should not be confused with the "second filter" invoked in order to explain the high peripheral frequency selectivity of the ear (Zwicker, 1974; Duffuis, 1974 Duffuis, , 1977 .
The feature in common to these notions is that to both there is a corresponding, more peripheral, first thing, namely the I Bark critical band and the mechanical frequency selectivity of the basilar membrane, respectively.
